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■ We review the mechanism of gaugino condensation in the framework 

' of the d = 10 heterotic string and its d = 11 extension of Horava and 

, Witten. In particular we emphasize the relation between the gaugino 

condensate and the flux of the antisymmetric tensor fields of higher di- 
mensional supergravity. Its potential role for supersymmetry breakdown 
and moduli stabilization is investigated. 
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1. Introduction 

The topic of my lectures at the Cargese summer school 2003 was a 
general introduction to the breakdown of supersymmetry in field- and 
string-theory. In this written up version I decided to concentrate on 
some particular aspects of this mechanism: gaugino condensation in 
the framework of heterotic string- and M-theory. This allows a more 
detailed discussion of supergravity in d = 10 and d = 11 dimensions and 
the reduction to the d = A case. 

The mechanism of gaugino condensation is believed to play a crucial 
role for moduli stabilization and SUSY breakdown in string theory. Con- 
ceived as a mechanism for hidden sector supersymmetry breakdown in 
supergravity extensions of the standard model of strong and electroweak 
interactions [92, 93, 40] it found a natural setting in the framework of 
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the Eg X £^8 heterotic string theory [46] (see ref. [28, 32]) as weh as the 
M-theory of Horava and Witten [53] (suggested in [52, 101]). 

One of the attractive features of the mechanism is a specific cancella- 
tion of iJ— flux and the gaugino condensate in the low energy effective 
potential. This allows a somewhat controlled discussion of the vacuum 
energy at least at the classical level and it is the direct consequence 
of the properties of the higher dimensional supergravity action. It also 
emphasizes the importance of Chern-Simons-terms in if— flux of d = 10 
supergravity [29]. 

In these lectures we shall not attempt to construct a fully realistic 
model but try to explain the mechanism in its simplest form. In section 
2 we will discuss supergravity in c? = 10 and then define the supermul- 
tiplets relevant for the d = A discussion. The mechanism of gaugino 
condensation is introduced in section 4 followed by a determination of 
the d = 4 effective action using the method of reduction and trunca- 
tion [114]. Section 6 contains some aspects of the theory beyond the 
classical level. In section 7 we give a detailed discussion of the d = 11 
heterotic M-theory and the determination of the low energy effective ac- 
tions. Some aspects of the mechanism that were rather obscure in the 
d = 10 theory (like the cancellation of gaugino bilinears due to Chern- 
Simons flux) become obvious in this generalized picture [102]. Section 8 
will then focus on the specific properties of supersymmetry breakdown 
at the hidden wall. The last section discusses some recent developments 
that lead to a revived interest of this mechanism during the last year. 

Before we start let me make a technical comment. Traditionally there 
are two different ways to include a gaugino condensate in the effective ac- 
tion. The first one [40, 28] uses explicitly the F— terms of the supersym- 
metry transformation laws. These include gaugino bilinears multiplied 
by the derivative of the gauge kinetic function. These gaugino bilinears 
are then replaced by the (field dependent) renormalization group invari- 
ant scale and included in the standard fashion in the scalar potential. 
This is the procedure which we follow in these lectures. An alternative 
method [32, 29] postulates the gaugino bilinear as a new term in an 
effective superpotential. The qualitative results of the two mechanisms 
are the same. Some quantitative differences will be mentioned where it 
applies. 

2. Supergravity in d = 10 

We shall here discuss the effective action of superstring theories in the 
supergravity field theory framework. For the known {N = 1) superstring 
theories this is A'' = 1 supergravity in d = 10 coupled to pure £^8 x 
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or 0(32) gauge multiplets. The spectrum of this theory is given by the 
supergravity multiplet {guN, tpMa, Bmn, Aq, (p) where M, N = 0, . . . , 9 
are world indices and a is a Majorana-Weyl spinor index, as well as 
the gauge multiplet (A^jXa) where A = 1, . . . ,496 lables the adjoint 
representation of £^8 x Es or 0(32) . In the Type I theory, these correspond 
to the massless closed (open) string states respectively. The action of 
such a theory, including terms up to two derivatives, is unique and given 
by [16]: 

e-.^-i..4^-m.(.),..A(^)% 

+ four fermion interactions (1) 

where F denote Dirac matrices in d = 10 and 

(written for short as F = dA + A^) denotes the gauge field strength. 

Supersymmetry requires the field strength Hmnp of the antisymmetric 
tensor field Bmn not just to be the curl of B, but 

Hmnp = ^[M-BArp] + ^IJnp (3) 
where the Chern- Simons term is given by 

u^^ = Tr(^AF-'^A^ 

i.e., Bnp has to transform non-trivially under the x [or 0(32)] 
gauge transformations. This theory as it stands has gravitational anoma- 
lies and is too naive an approximation to the anomaly-free superstring 
theory. The absence of anomalies requires an additional term to (3) [49] : 

H = dB + u/^ -u^ (5) 
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with 

= Tr{uR - \w^) (6) 

where is the spin connection, u contains a derivative, thus uj^ con- 
tains three and appears squared in the action. This term is purely 
bosonic and for a supcrsymmctric action requires additional terms which 
up now are only partially known. The action in (1) thus requires further 
terms in order to be an adequate low-energy limit of string theory. The 
action (1) was derived by truncating all heavy string states. For a better 
approximation they should be integrated out, leaving a low-energy the- 
ory with higher derivatives and terms in a higher order in a' (the slope 
parameter) . These terms appear in what is usually called " u -model per- 
turbation theory", not to be confused with the string loop expansion, 
which, at least in the hctcrotic case, is an expansion in g, the gauge cou- 
pling constant. This expansion in powers of a' is classical at the string 
level. There might also be world-sheet non-perturbative effects that play 
a role at this classical level. Looking at (1), one might wonder what g 
(the gauge coupling constant) is. Observe that the gauge fields have 
non-minimal gauge kinetic terms. Here g is not an input parameter, but 
g will be determined dynamically. 

4 =< > (7) 

9 

consistent with the expectations in string theory. We have to be aware 
of the fact that the coupling constant as determined by this naive ap- 
proximation might be different from that determined by string theory. 
This approximation is probably only useful in defining the important 
interactions at low energies. In order to ask more fundamental ques- 
tions, like the determination of the fundamental coupling constants, the 
approximation probably has to be improved. This can already be seen 
when we discuss compactification. One possible way is to compactify 
on a six-torus , leading to = 4 supergravity in d = 4, which 
does not resemble known d = 4 phenomenology. One might therefore 
ask the question for more non-trivial compactifications (still postponing 
the question of why these should be more likely than the trivial ones). 
Defining cf) = (3/4) log (p and neglecting fermionic terms, the equation of 
motion for (j) is: 

D4> = eM-4>) [^MAT + eM-4>)H'^Np\ (8) 



Integrating over a compact manifold without boundary leads to a 
vanishing result. The right-hand side is positive definite and therefore 
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has to vanish. This implies trivial compactification unless <f) ^ oo, which 
is outside the validity of our approximation. The addition of in H 

does not change the situation, but this term requires supersymmetric 
completion which necessitates the presence of terms. They actually 
appear in the Euler combination 



on the right-hand side of (8), ensuring the absence of ghosts. With these 
terms from the a' expansion, non-trivial compactification is possible: 
can be compensated by F^, and this implies a breakdown of gauge sym- 
metries in the presence of compactification [14] . Notice, however, that 
the scale of compactification is not yet fixed. There exists an indepen- 
dent argument confirming this result. For the H field to be well defined, 
the integral of the curl of H over a compact manifold without boundary 
should vanish: 



leading to a compensation of F and R in extra dimensions. These re- 
sults are very encouraging, li E x Eg or 0(32) were to remain unbroken 
in d = 4, they would not be able to lead to chiral fermions. The dis- 
cussed constraints involve integrated quantities and could have various 
solutions. Only the simplest possibility - a vanishing integrand - can 
be studied easily [114]. It implies a direct identification of F and R. 
The spin connection a;^(m = 4, . . . , 9 a, 6 = 1. . . . , 6) can be viewed as 
a gauge field of an 0(6) subgroup of the Lorentz group 0(9, 1), identified 
with in an 0(6) subgroup of £^8 x Es or 0(32) in order to fulfil the 
constraints. The question of a remaining supersymmetry in d = 4 is re- 
lated to the holonomy group of the compact manifold, which in turn is a 
subgroup of 0(6). I shall not explain this relation here in detail, but just 
give a heuristic argument. The gravitino V'm transforms like a 4 of 0(6). 

= 1 supersymmetry will be present in d = 4 if the decomposition of 
the 4 with respect to the holonomy group contains exactly one singlet. If 
there are more singlets, one will have extended super symmetries, e.g., in 
the case of the torus the holonomy group is trivial and 4 = 1-|-1-|-1-|-1, 
resulting in = 4 supersymmetry. The simplest choice for = 1 is to 
have SU{3) holonomy, which leads to 4 = 1 -|- 3 and 6 = 3 -|- 3, and is 
used in the Calabi-Yau approach. But there are certainly more possi- 
bilities, even with discrete subgroups of SU{3) corresponding to certain 
orbifolds. For simplicity, I shall here assume SU (3) holonomy. With this 
identification of u and A at least one SU{3) subgroup of 0(32) or Eg x Eg 



exp(-^) Rj^pfpQ - ARI^n + 



(9) 




(10) 
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will break down during compactification. In the case of 0(32), this will 
lead to 0(26) x U{1) with possible zero modes in the decomposition of the 
adjoint of 0(32), giving exclusively real representations of 0(32). Based 
on this argument, one usually concludes that 0(32) will not lead to a 
phenomenologically successful model, although not all possibilities have 
yet been studied. The situation in the case of Eg x looks better. A 
decomposition of the adjoint of Eg with respect to Eq x 5*^7(3) leads to 
248 = (78, 1) + (27, 3) + (27, 3 + (1, 8) and contains chiral representations. 
Moreover, E^ is one of the more successful candidates for a grand unified 
gauge group with a family of quarks and leptons in 27, the number of 
these zero modes being defined by topolocigal properties of the compact 
manifold. Here is then a common starting point for the construction of 
"superstring-inspired models". 

3. Towards d = 4 

We have first to discuss the possible zero modes. Let us define indices 
M = {fi,m) (/X = 0, . . . , 3; m = 4, . . . , 9) and start with the metric 



where gQ = det gmn is used to redefine g^iy in order to have usual kinetic 
terms for the graviton. The integral over extra dimensions 



defines the average radius of compactification. Defining gmn = exp((T)^m»i 
one can then normalize / dP^/—gQ = Mp^ and exp(cj) defines the radius 
of compactification in units of the Planck length. Depending on the 
topological properties of the manifold, gmn gives rise to zero modes that 
are scalars in d = 4 (we will not discuss off-diagonal terms in gMN like 
g^m that give rise to gauge bosons depending on the isometrics of the 
manifold), gmn corresponds to a symmetric tensor of 0(6) with respect 
to the SU (3) subgroup discussed earlier; we have 21 = 1 + 8+6+6. With 
the notation m = the latter correspond to modes of gij,gij,gij , 

while a is the singlet. 

Turning to the gravitino tpf^, we can view a as an eight-dimensional 
index which transforms as a 4 of 0(6) and a Weyl spinor of 0(3, 1). ip" 
corresponds to spin-3/2 particles in d = 4 with N,max = 4 as already 
discussed. ^^^^ spin-i zero modes. To obtain canonical 

kinetic terms for the gravitino, as in the case of the metric, a rescaling 




(11) 




(12) 



V'm = exp(-3cr/4)V'jix 



(13) 
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is required. 

The antisymmetric tensor field Bmn could give rise to B^y, Bmu and 
Bmn (corresponding to the Bctti numbers 60 7^1 a-nd 62)- A zero mode 
from B^i, corresponds to one pseudoscalar degree of freedom 6 defined 
through a duality transformation 

H^uee'^"'" = ip^/^exp{-6a)d''e + ... (14) 

Bjni^ could give rise to extra gauge bosons which (although possibly in- 
teresting) we shall not discuss here. Bmn will again correspond to pseu- 
doscalars in d = 4. A decomposition with respect to SU (3) gives 15 = 
1 + 3 + 3 + 8 with the singlet corresponding to the "trace" 77 = e^'^Bmn 
and Bj-p and Bj_j and Bq corresponding to 3,3, and 8 respectively. All 
these modes appear in the action only through the field strength H im- 
plying derivative couplings, i.e., they show axion-like behaviour. From 
the A, (j) members of the supergravity multiplet, we expect additional 
spin — i (0) particles in d = 4. 

The discussion of the zero modes of involves some complication 
because of the identification of u'^ and Af^ in an SU{?>) subgroup. A^ 
will of course, give rise to gauge bosons in the adjoint representations 
of the unbroken gauge group, e.g., A = 1, 78 for Eq. Af^ will 
give rise to scalars in d = 4, and we are mostly interested in those 
transforming as 27 (or 27) under E^. Let us therefore write A = (a, i) or 

(a, z) a = 1, • • • , 27. The states C'' = and B^ = then transform 

as 27, 27 with respect to Eq and arc singlets under the diagonal subgroup 
SU{3) of the p roduct of SU{3) C 0(6) and SU{3) C -Eg. These bosons 
will have supersymmetric partners from the zero modes of Xa- "^^^ 
number of the possible zero models is of course entirely defined by the 
topological properties of the manifold under consideration. 

We can now have a first look at the possible interactions of these zero 
models in d = 4 starting from the d = 10 action given in (1). Of course, 
in general we expect here not only the influence of topological properties, 
but also the explicit form of the metric of the compact manifold will be- 
come important. Nonetheless we will be able to obtain some non-trivial 
results that are rather independent of the special form of the metric. 
We will do that exclusively in the framework of = 1 supergravity in 
d = 4, firstly because of the reasons given in Section 2, and secondly 
because this theory is simpler than the non-supersymmetric case. 

N = 1 supergravity in d = 4 (with action including terms up to two 
derivatives [21]) is defined through two functions of the chiral superfields 
(pi. The first is an analytic function /{(pi) defining the gauge kinetic 
terms f{(pi)W'^Wa- In a component language, / appears in many places. 



but it can be extracted most efficiently from 

Ref(99i)^M-^'" + Imf(99i)e^,^<,F^^F^'^ (15) 

where (pi denotes the (complex) scalar component of 0j. The second is 
the so-called Kahler potential 

G{4>i,(t^l) = K{(b,.^<l,*) +\og\W{(i),)\'' (16) 

Unlike /, G is not analytic and contains the left-handed chiral super- 
fields along with their complex conjugates. The second term in (16) 
contains the analytic function W{(j)i): the superpotential. The action 
in component form usually contains G in complicated form; the scalar 
kinetic terms, e.g., are 



^ ~ c 

whereas the scalar potential is given by 



G| . ^ (17) 



F = exp(G)|0t(G-')fG'-3] (18) 

which makes ist difficult to extract G once an action is given in compo- 
nent form. There is only one term which allows a rather simple identi- 
fication of G, and this is a term involving the gravitino 

e4exp(G/2)Vi^7'^'^75V'. (19) 

which will later be used extensively after the correct redefinitions of the 
gravitino in d = 4 have been performed. Let us now consider the action 
in d = 10 in order to learn something about the possible action in d = 4. 
We start with the gauge kinetic term 

e.o^-^'^FMNF^'' (20) 

Since we are interested in the part, we write 

e^e^^-^/^'F^^F^g^^g'"' (21) 
where, with the definitions given earlier, we would like to extract / from 

eiKeiF^^F^^ (22) 

with 64 = {det cjfiv)^ = exp(6c7)e4, and indices are contracted with the 
"hatted" metric. Integrating the extra six dimensions with the normal- 
ization given in (13) using Mp = 1, we obtain 

ReS = Ref = ip-^/'^ex.p{3a) (23) 
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as the real part of the scalar component of a chiral superfield denoted 
by S. This is a rather amazing result. Remember that at no point 
in the derivation did we have to know something about the metric of 
the compact six-dimensional space, so this constitutes a rather model- 
independent result. Observe that / is usually non-trivial, that its vac- 
uum expectation value (vev) will determine the gauge coupling constant, 
and that the couplings of -Eg (or Eg) and Eg coincide. 

Let us now discuss the imaginary part of /, to be extracted from 
FnvFpcj^^^'"^ ■ The relevant degree of freedom comes from B^n as dis- 
cussed earlier. B^y couples only through its field strength H^i,p and has 
therefore only derivative couplings. Taking the relevant terms in the 
d = 10 action and integrating the extra dimensions, we obtain 

^-3/2 exp(6c7)if^,^//^'^^ + H^,,0^-s (24) 

where O^'^'^ contains fermion bilinears. H has to satisfy a constraint 
(neglecting iJ^-terms for the moment) 

d[t,H,^a] = -rrF[^,F,^] (25) 

which we take into account by adding a Lagrange multiplier 

^e'^'^^'^ {d^H,,„ + TrF^,F,„) (26) 

Next we eliminate H via the equations of motion and arrive at an action 
containing the terms 

(/;3/2 eM-^a){d^ef + ee>'-^^-Tr{F^,F,,) (27) 

which tells us that Imf = 9, and for the scalar component of S we 
obtain 

S = exp(+3(7) + id (28) 

as a mixture of guN and Bmn zero modes. The partner is a combination 

of V'm and A zero modes which we will not discuss here in detail. Observe 
that Q couples only with derivatives except for the last term in (27), and 
that the d = 4 action, has a Peccei-Quinn-like symmetry under shifts 
of by a real constant, thus B couples like an axion. Let me stress 
again that all these statements about the action and the form of (28) 
are model-independent and could be derived without explicit knowledge 
of the metric. 

Unfortunately, the situation changes once we try to extract the Kahler 
potential. As already indicated, the term to investigate is the d = 4 
"gravitino mass term" (19). The extraction of this term is rather com- 
plicated due to several redefinitions of the gravitino field. A general form 
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has been given in [29]), and we will not repeat the derivation here. Many 
of the terms appearing there depend explicitly on the metric and spin- 
connection of the six-dimcnsional compact space. A model-independent 
statement can only be made about the structure of the superpotential, 
because it is an analytic function in the chiral superfields. Symbolically 
the "gravitino mass term" is obtained as 

exp(G/2) = (^-3/4 exp(-3a)r"^"f iJ^np (29) 

and from (16) we can try to read off the superpotential. W{4>i) is de- 
fined to be an analytic function in the chiral superfields and should not 
contain derivatives. A first inspection of (29) therefore suggests that a 
possible candidate for a superpotential is the term contained in the 
Yang-Mills Chern-Simons term (4) included in H. This then gives rise 
to a trilinear superpotential involving the C and B fields defined earlier. 
At the moment it is not clear whether these are the only possible terms 
in the superpotential, although at the classical level this seems to be the 
complete expression. Observe that, for example, the superfield S as de- 
fined in (28) cannot appear in the superpotential, since its pseudoscalar 
component has only derivative couplings. We will come back to these 
points later. In any case, a more detailed discussion of the Kahler po- 
tential requires more information (or approximations) about the d = 6 
metric. Before wc tackle this topic, let me first present a discussion 
about super symmetry breakdown in d = 4. 

4. Gaugino condensation and supersymmetry 
breakdown 

= 1 supergravity m d = 4 still needs the incorporation of super- 
symmetry breakdown at a scale small compared to the Planck mass. For 
the phenomenological reasons mentioned earlier, this should appear in 
a hidden sector only coupled gravitationally to the observable sector. 
Some superstring models contain such a hidden sector, e.g. the sector 
that contains the particles transforming non-trivially under the second 
£^8- Notice that the observable sector (for definiteness called the Eq sec- 
tor) only couples gravitationally to the Eg sector (there are no particles 
that transform non-trivially both under Eq and -Eg). Moreover, the Eg 
sector contains a d = 10 pure super- Yang-Mills multiplet, suggesting a 
possible breakdown of supersymmetry via gaugino condensates. This 
breakdown has already been discussed in the framework of supergravity 
models, both at the level of an effective Lagrangian [92] and at the level 
of the complete classical action [40]. Assume asymptotically- free gauge 
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interactions (here or a subgroup thereof) with a scale 

A = Aiexp(-l/6o5'(/x)) (30) 

which is renormahzation-groTip invariant at the level of the one-loop /3- 
function. In analogy to QCD, which leads to qq condensates, we will 
here assume that the gauge fermions condense at a scale 

< XX >= A' (31) 

As long as A is small compared to Mp, we assume that gravity will not 
qualitatively disturb this dynamical mechanism. The question whether 
such a condensate breaks supersymmetry can be studied by investigating 
the supersymmetry transformation laws of the fermionic fields of the 
theory. The non-derivative terms in these transformations will give us 
the auxiliary fields that serve as order parameters for supersymmtry 
breakdown. The relevant objects here are the auxiliary fields of the 
chiral superfields 

Fk = exp(G/2)Gfe - ^fkixx) + ■■■ (32) 

where / is the gauge kinetic function discussed earlier and is its 
derivative with respect to (pk- A necessary condition for the breakdown 
of supersymmetry via gaugino condensates is therefore a non-trivial /- 
function. This condition is fulfilled in the framework of superstring- 
inspired models [28] [32], since we have seen in the last section that 
/ = 5 in a rather model-independent way. Whether this is also sufficient 
for the breakdown of supersymmetry can only be checked by minimizing 
the potential 

F = Ffe(G-i)V^-3exp(G) (33) 

since the diff'erent terms in (32) might cancel at the minimum. But let 
us for the moment assume that only the second term in (32) receives a 
vev. Since = 1 in units of Mp, we find a supersymmetry breakdown 
scale 

< Fs >= K A^/Mp (34) 

and a scale of A ~ 10^^ GeV would lead to a gravitino mass in the TcV 
range. Once we understand why A is five orders of magnitude smaller 
than Mp, we shall understand why 1713/2/^^^ ~ 10"-^^. A now depends 
on the -Eg gauge coupling and the spectrum of low-energy modes. Iden- 
tifying Qq with gs would in many circumstances lead to too large a value 
for A, and one might speculate that Eg should break during compactifi- 
cation. We shall, however, see later that the equality of ge and gs seems 
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to be only an artifact of the classical approximation, which is not true 
in the full theory. Thus the shadow Eg (or a subgroup thereof) sector 
of the superstring takes the role of the hidden sector of supergravity 
models and might explain the smallness of 7713/2 compared to Mp. But 
how does this breakdown of SUSY in the hidden sector influence the 
observable sector? In general, we would expect gaugino masses (777;^/2)) 
scalar masses (t/iq) and the trilinear couplings (Am) to be of the order 
of magnitude of 7773/2- A naive inspection shows that this might also be 
true here. Gaugino masses in the observables sector are in general given 

by 

mi/2 = fk{G-')'F' (35) 

where / is the gauge kinetic function of the observable sector. With 
= (1/4)/^ < XX > we would therefore obtain 7771/2 ~ i^3/2- In the 
same way wc would obtain under these circumstances the soft trilinear 
couplings ^ 1 and scalar masses of order 777,3/2. To make a quatitative 
statement about the soft parameters we need a better understanding of 
the Kahler potential, a question which we want to discuss in the next 
section. We need this in order to study the explicit form of the effective 
potential and finds its minimum. This then also has to determine the 
exact value of A in (30) which depends on the coupling constant and is 
fixed only after the value of g is known. 

5. Reduction and Truncation 

A first approximation for G (that might simulate an orbifold approx- 
imation of interest in this context) is obtained through reduction and 
truncation [118]. One first compactifies the d = 10 theory on a six-torus 
T^. The resulting theory is = 4 supersymmetric in d = 4. From this 
theory one truncates unwanted states, to obtain an A^ = 1 theory. Prom 
the gauge singlet sector one keeps only those states that transform as 
singlets under an SU{3) C 0(6) of the Lorentz group. Since ip"^ trans- 
forms as a 4 of 0(6) and thus as 1 -|- 3 under SU (3), we remain with one 
gravitino. As already explained in Section 3, there are only a few gauge 
singlets that survive this truncation. For the bosonic modes we have (p, 
a from the metric as well as 9 and rj from the antisymmetric tensor. For 
the gauge non-singlet fields one has to remember the identification of 
spin-connection and gauge fields. Here one keeps those states which are 
singlets under the diagonal subgroup of the product of SU{3) C 0(6) and 
SU{3) C Eg. This leaves us with one 27 of Eq in this case, correspond- 
ing to = A-/- {b= 1,..., 27, cf. Section 3). With this well-defined 
procedure based on simple reduction on T^, the component Lagrangian 
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in d = 4 can be deduced. Prom this we can immediately read oS f = S 
and W = dabcCC'C, which should not be surprising. Moreover, from 
the "gravitino mass term" formula (29) one obtains 

G = log (e-^'^yj-^/^) + log \Wf (36) 

The components if and a should correxpond to lowest components of 
chiral superfields. One combination S = (p~^/^ exp(3(T) + iO has already 
been defined earlier. To define the other combination, the information 
from (36) is not enough. The charged fields C do not yet appear in the 
first term of G in (36) and the correct definition of the superfields has yet 
to be found. This can be done, for example, by using the scalar kinetic 
terms. It leads to a second superfield in which (f, a and the C-modes 
mix 

T = exp{a)ip^^^ + |C„|2 + irj (37) 

where rj is the mode from e"^"'Bmn as discussed earlier, and the Kahler 
potential from (36) thus reads 



G = -\og{S + S*) - 3 log [T + T* - 2\C\^j + log \W\^ (38) 

a form already previously mentioned in the framework of supergravity 
models. The scalar potential derived from this G-function has some 
remarkable properties 



V ' 



+ - terms (39) 



where s = ReS and tc = ReT— |Cap = t—\Ga\'^ and W is the derivative 
of W with respect to the C-field. The potential is positive definite {tc > 
is required by the kinetic terms ) and has a minimum with vanishing 
vacuum energy V = 0. This minimum is obtained at W = W = 
independent of the values of s and t. This implies that at this level 
the gauge coupling constant and the radius of eompactification is not 
yet fixed. The theory has classical symmetries which allow shifts of the 
values of s and t, as well as Peccei-Quinn symmetries corresponding to 
shifts in 6 and -q. This, of course, makes the use of this approximation as 
an effective low-energy limit of the superstring very problematic. Certain 
crucial parameters, like the value of the gauge coupling constant and the 
scale of eompactification, which we believe to be dynamically determined 
in the full string theory, are not yet fixed. To determine these quantities 
we would need information beyond the truncated theory. 

This remains a relevant question when we discuss the effective poten- 
tial in the presence of a gaugino condensate. Since the gauge coupling 
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constant is not determined, A in (30) is also unknown. Using (33) and 
(38), we get for the potential 



where (xx) depends on through e^p{—S/bo). The potential is still 

positive definite and has a minimum at V = which is still degenerate. 
Now the minimum need not necessarily imply W = W' = 0, but we 
could have a non-trivial vev of W. Given fixed <W>^ by some yet 
unknown mechanism, the value of the gauge coupling constant would be 
fixed. The most natural candidate for such a mechanism would be a non- 
trivial vev (so-called flux) of the antisymmetric tensor field H as defined 
in (5). At first sight one might have conjectured that the appropriate 
flux would originate from dB, but it was soon realized that < dB > is 
quantized in units of the Planck scale [106]. Thus < dB > should vanish 
in order to allow for a value of < xX > that is small enough to give a 
reasonable value for the gravitino mass after supcrsymmetry breakdown. 
One therefore concluded that it is the flux of the Chern-Simons terms in 
(5) which is responsible for the non-zero if— flux [29]. For these terms 
the quantization argument of ref. [106] does not apply and acceptable 
values for < xX > can be obtained. We shall come back to this question 
in more detail in the framework of the heterotic M-theory. There it will 
become obvious from theoretical arguments that ist is not < dB > but 
the flux from the Chcrn-Simons terms that compensates the contribution 
of the gaugino condensate in the effective potential. 

In order to minimize the potential, the theory slides to a coupling 
constant which, through (30), gives a value of the condensate that ex- 
actly cancels the contribution of M^. In other words, this means that 
the dilaton S slides to a value that cancels the vacuum energy in the 
same way as an axion slides to cancel a possible ^-parameter of a gauge 
theory [observe that exp(— 5/60) contains both s and 6]. Although we 
do not yet understand the magnitude of supersymmctry breakdown, this 
mechanism to ensure -^vacuum = after SUSY breakdown appears very 
attractive. We shall still need to convince ourselves that supersymmetry 
is actually broken, since in (40) a certain cancellation < W > and 
< XX > appears. In fact it tells us that the auxiliary field Fs of the 
S'-superfield vanishes in the vacuum. Nonetheless, here Ft requires a 
non- vanishing vev once <W > ^ 0, and supersymmetry is broken 



V = 



1 



W-2{sQ'/\xx)\' + ^j\W' 



(40) 
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Ft = exp{G/2)GT ^ 0. 



(41) 



In a next step we have to analyze how the breakdown of SUSY is 
felt in the observable sector, and this is, of course, model dependent. 
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Gaugino masses, for example, are given by mi/2 = fk{G~^)\F^ , and 
only fs is different from zero. In the case at hand we therefore obtain 
mi/2 = 0. In fact, the same is also true for the scalar masses. This is an 
artifact of the special model (a so-called no scale model) and would need 
further discussions. A first question concerns the stability of this result 
in perturbation theory which we shall investigate in the next section. 

Before we do this let us mention a different way to include the gaugino 
condensate in the low-energy effective potential [32] . Instead of including 
(xx) in directly, as in (32), one might postulate a new contribution 
to the superpotential proportional to {xx) ^ exp(— 5'/6o)- This leads to 
a potential very similar although not identical to the one given in (40) 
(for details see [32, 29]). 

6. Beyond the classical level 

Vanishing values of the soft parameters in the observable sector might 
be a result of the symmetries of the theory, and if yes, whether these 
symmetries hold to all orders in the perturbative loop expansion. In the 
heterotic string this loop expansion is governed by the coupling constant 
g, which in turn is defined through a vev of the dilation field. This will 
allow us to construct a definite loop expansion in the dilation field and 
still give us restrictions on how the classical symmetries are broken by 
loop effects. But before we discuss the loop expansion in more general 
terms, let us examine some aspects at the one-loop level. We can do 
that because of the mechanism of anomaly cancellation in the d = 10 
field theory. Green and Schwarz have observed that the cancellation 
of anomalies [49] requires certain new local counterterms with definite 
finite coefficients in the one-loop effective action to cancel the gauge non- 
invariance of present non-local terms. In general, such terms appear with 
infinite coefficients, but the possible symmetry of the effective action 
forces us to renormalize the theory in such a way that these gauge- variant 
local counterterms have a well-defined finite coefficient. An example of 
such a term is 

eBvoTr{FLKFsw)Tr{FAGFEN)e''''^'''^^'''''' (42) 

where e = l/720(27r)^. While this gives rise to many new interaction 
terms in the d = A theory, one possible manifestation seems to be of 
particular importance. Replacing one of the TrF^ terms by their vev in 
extra dimensions, one arrives at 

r/e^"^"Tr(F^,F,,) (43) 

r] is the imaginary part of T, and unlike in the classical case it now (in 
addition to 9) couples to FF. Observe that (43) is gauge-invariant, while 
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(42) is not, but is required by the absence of anomalies in d = 10. This 
shows that the remnants of such terms originate in ten dimensions, and 
are one of the few places where we could in principle observe whether 
we live in higher dimensions. (43) suggests that not only 6, but also 
r), couples like an axion. To make sure that this does not lead just to 
a redefinition of 9 at the one-loop level, all anomaly cancellation terms 
have to be considered. Doing this and satisfying TrF^ = TrB? in extra 
dimensions, one arrives at the result that rj couples differently to and 

er/[(FF)8 - (FF)6] and e[{FF)^ + {FF\] (44) 
leading to different gauge kinetic functions 

f = S±eT (45) 

for the different gauge groups. 

This fact has interesting consequences, some of which we will now list. 

a) The second axion could be a candidate to solve the strong CP 
problem of QCD in the observable sector. One axion (like 9 alone) 
would not be sufficient, because it is used to adjust the 0-angle 
of E'^ and becomes massive. For a relatively recent discussion see 
[43]. 

b) Supersymmetry requires the same behaviour of the real parts of 
S and T as that of the imaginary part; i.e., ReS and ReT couple 
differently to Eq and E'^. Since the vevs of these fields define the 
gauge coupling constants, and g'^ need no longer be equal. This 
might have consequences for the condensation scale of ^^g. 

c) There exist now two axion-dilaton pairs, and this might generalize 
the relaxation of the cosmological constant to the observable sector 
in the same way as is appears in the hidden sector [70] . 

d) Imposition of supersymmetry also requires new terms in the Kahler 
potential at the one-loop level. We will discuss this later. 

e) As expected, these effects at the one-loop level lead to an induced 
breakdown of supersymmetry in the observable sector once it is 
broken in the hidden sector. Remember our discussion in Section 
5, where the observable sector remained super symmetric. Gaugino 
masses are given by 

mi 12 FTfT + Fsfs- (46) 

At tree level we had Fs = fr = and vanishing gaugino masses. 
But now we have f = S + eT, and fx no longer vanishes. As 
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a result, non-trivial gaugino masses (and also non-trivial scalar 
masses and A-parameters) of order £777.3/2 are transmitted to the 
observable sector. 

Of course, in case of a nontrivial e, we should go back to the action 
and see what happens to the onc-Ioop effective potential. In general we 
shall expect a nontrivial value of the cosmological constant (typically 
anti-de Sitter) and in some cases even unbroken super symmetry. So a 
disscussion of a fully realistic model needs more structure than present 
in the toy model under consideration. 

7. Heterotic M-Theory 

With the discovery of string dualities, there has been a revival of the 
study of those string theories that might eventually become relevant for 
our discussion of the low-energy effective supergravity theories. From all 
the new and interesting results in string dualities, it is the heterotic M- 
theory of Hofava and Witten [53] (that in d = 11 could be regarded as 
the strong coupling limit of d = 10 E^x Eg heterotic string theory) which 
might have a direct impact on the discussion of the phenomenological 
aspects of these theories. One of the results concerns the question of the 
unification of all fundamental coupling constants [115] and the second 
one the properties of the soft terms (especially the gaugino masses) once 
supersymmetry is broken [101, 102]. As we shall see in both cases, results 
that appear problematic in the weakly coupled case (as the formerly dis- 
cussed heterotic string case will be called from now on) get modified in a 
satisfactory way, while the overall qualitative picture remains essentially 
unchanged. In these lectures we shall therefore concentrate on these 
aspects of the new picture. 

The heterotic M-theory is an 11-dimcnsional theory with the £"§ x E^ 
gauge fields living on two 10-dimensional boundaries (walls), respec- 
tively, while the gravitational fields can propagate in the bulk as well. 
A d = 4 dimensional theory with N = 1 supersymmetry emerges at low 
energies when 6 dimensions are compactificd on a Calabi-Yau manifold. 
The scales of that theory are Mn, the d = 11 Planck scale, Ru the size 
of the x^^ interval, and V the volume of the Calabi-Yau manifold. 
The quantities of interest in d = 4, the Planck mass, the GUT-scalc 
and the unified gauge coupling constant aouT should be determined 
through these higher dimensional quantities. The fit of ref. [115] iden- 
tifies Mgut ~ 3 • 10^^ GeV with the inverse Calabi-Yau radius R . 
Adjusting acuT = 1/25 gives Mn to be a few times larger than Mgut- 
On the other hand, the fit of the actual value of the Planck scale can be 
achieved by the choice of Rn and, interestingly enough, Ru turns out 
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to be an order of magnitude larger than the fundamental length scale 
Mj^"*". A satisfactory fit of the d = i scales is thus possible, in contrast 
to the case of the weakly coupled heterotic string where, naively, the 
string scale seems to be a factor 20 larger than Mqut- 

7.1 The action in d = 11 

The effective action of the strongly coupled x - M-theory in 
the "downstairs" approach is given by [53] (we take into account the 
numerical corrections found in [20]) 



V2 ^^^^UKLMN^^ + l2V;^r^^V;^) {Gjklm + Gjklm) 



384 

V2 



3456 



(47) 



^ 47r(47r«:2)2/3^,o^'°^^ 



where M^^ is the d = 11 manifold and All^ its 10-dimcnsional bound- 
aries. In the lowest approximation M^^ is just a product x x 
/Z2. Compactifying to d = 4 in such an approximation we obtain 
[115, 20] 

aauT = ^ y (49) 

with V the volume of the Calabi-Yau manifold and R\i = irp the 
S^/Z2 length. 

The fundamental mass scale of the 11-dimensional theory is given by 
Mil = Let us see which value of Mn is favoured in a phenomeno- 

logical application. For that purpose wc identify the Calabi Yau volume 
V with the GUT-scalc: V ~ {Mgut)'^ ■ From (49) and the value of 
OiQUT = 1/25 at the grand unified scale, we can then deduce the value 
of Mil 

FVe^ii = (47r) V9a-V6 ^ 2.3 , (50) 
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to be a few times larger than the GUT-scale. In a next step we can now 
adjust the gravitational coupling constant by choosing the appropriate 
value of Ru using (48). This leads to 

RuMn = ( ^^y^^^ « 2.9 • 10-^ ( . (51) 
V Mil / 87r(47r)2/3 V Mn / ^ ^ 

This simple analysis tells us the following: 

■ In contrast to the weakly coupled case, the correct value of Mpjandj 
can be fitted by adjusting the value of Ru. 

■ The numerical value of R^^ turns out to be approximately an order 

of magnitude smaller than Mn. 

■ Thus the 11th dimension appears to be larger than the dimensions 
compactified on the Calabi-Yau manifold, and at an intermediate 
stage the world appears 5-dimensional with two 4-dimensional 
boundaries (walls). 

We thus have the following picture of the evolution and unification 
of coupling constants. At low energies the world is 4 dimensional and 
the couplings evolve accordingly with energy: a logarithmic variation 
of gauge coupling constants and the usual power law behaviour for the 
gravitational coupling. Around R^l we have an additional 5th dimension 
and the power law evolution of the gravitational interactions changes. 
Gauge couplings are not effected at that scale since the gauge fields live 
on the walls and do not feel the existence of the 5th dimension. Finally 
at Mqut the theory becomes 11-dimensional and both gravitational and 
gauge couplings show a power law behaviour and meet at the scale Mu, 
the fundamental scale of the theory. It is obvious that the correct choice 
of Ru is needed to achieve unification. We also see that, although the 
theory is weakly coupled at Mgut, this is no longer true at Mu. The 
naive estimate for the evolution of the gauge coupling constants between 
Mgut and Mu goes with the sixth power of the scale. At Mu we thus 
expect unification of the couplings at a ~ 0(1). In that sense, the 
M theoretic description of the heterotic string gives an interpolation 
between weak coupling and moderate coupling. In d = 4 this is not 
strong-weak coupling duality in the usual sense. We shall later come 
back to these questions when we discuss the appearance of a critical 
limit on the size of Ru. A value of a 0(1) (and thus S ^ 0(1)) at 
Mil might also be favoured in view of the question of the dynamical 
determination of the vev of the dilaton field [72]. 
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7.2 The effective action in d = 4 

We now want to perform a compactification from d = 11 to d = 4. 
Again we use the method of reduction and truncation. For the metric 
we write 



9mn ~ I ^'^ 9mn I (52) 

e27g-2a 

with M,N = 1 ... 11; /i, i/ = 1 ... 4; m, n = 5 ... 10 and Aei{gmn)=^- 
This is the frame in which the 1 1-dimensional Einstein action gives the 
ordinary Einstein action after the reduction do d = 4: 

/ d^'x4^)R^'')=-'^ J d'x^R+... (53) 

where V-j = J (fx is the coordinate vohimc of the compact 7-manifold 
and the scahng factor C4 describes our freedom to choose the units in 
d = 4. The most popular choice in the hterature is C4 = 1. This, how- 
ever, corresponds to the unphysical situation in which the 4-dimensional 
Planck mass is determined by the choice of V7 which is just a convention. 
With C4 = 1 one needs further rescaling of the 4-dimcnsional metric. We 
instead prefer the choice 

C4 = Vv/V7 (54) 

where V7 = / dJxyJ'g^ is the physical volume of the compact 7-manifold. 
This way we recover eq. (48) in which the 4-dimensional Planck mass 
depends on the physical (and not coordinate) volume of the manifold 
on which we compactify. As a result, if we start from the product of 
the 4-dimensional Minkowski space and some 7-dimensional compact 
space (in the leading order of the expansion in k^/^) as a ground state in 
d = 11 we obtain the Minkowski space with the standard normalization 
as the vacuum in d = 4. 

To find a more explicit formula for C4 we have to discuss the fields 
a and 7 in some detail. In the leading approximation a is the overall 
modulus of the Calabi-Yau 6-manifold. We can divide it into a sum of 
the vacuum expectation value, (a), and the fluctuation a. In general 
both parts could depend on all 11 coordinates but in practice we have 
to impose some restrictions. The vacuum expectation value can not 
depend on x'^ if the 4-dimensional theory is to be Lorentz-invariant. 
In the fluctuations wc drop the dependence on the compact coordinates 
corresponding to the higher Kaluza-Klein modes. Furthermore, we know 
that in the leading approximation {a) is just a constant, ctq , while 
corrections depending on the internal coordinates, ai, are of the next 



C4e 'e-'^"gij,^ 
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order in k^/^. Thus, we obtain 

a{xi',x'^,x^^) = {a) {x'^,x^^) + a{x^') = ao + ai{x'^,x^^) + a{xf') . (55) 

To make the above decomposition unique we define co by requiring that 
the integral of ai over the internal space vanishes. The analogous decom- 
position can be also done for 7. With the above definitions the physical 
volume of the compact space is 



Vr 



J (fx (e^'e^) = e2"»e^°T^7 (56) 



up to corrections of order k^/^. Thus, the parameter C4 can be written 
as 

C4 = e^'^oe^o . (57) 

The choice of the coordinate volumes is just a convention. For example 
in the case of the Calabi-Yau 6-manifold only the product c^^Vq has 
physical meaning. For definiteness we will use the convention that the 
coordinate volumes are equal 1 in Mn units. Thus, (e^'^) describes 
the Calabi-Yau volume in these units. Using eqs. (50,51) we obtain 
e^^o = yjvffi « (2.3)6, e'^°e-''° = RuMn ^ 9.2a'^. The parameter C4 is 
equal to the square of the 4-dimensional Planck mass in these units and 
numerically C4 ~ (35a) ^. 

At the classical level we compactify on M'^ x x 57^2- This means 
that the vacuum expectation values (cr) and (7) are just constants and 
eq. (55) reduces to 

a = ao + a{xi'), 7 = 70 + 7(0;'*). (58) 

In such a situation a and 7 are 4-dimensional fields. We introduce two 
other 4-dimensional fields by the relations 

^e^-Giu^, = exf^upid'D), (59) 

Cnab = Cn6,b (60) 

where .t"^ (x'^) is the holomorphic (antiholomorphic) coordinate of the 
Calabi-Yau manifold. Now we can define the dilaton and the modulus 
fields by 

S = ^{e^^ + ^24V2D), (61) 



(62) 
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where the observable sector matter fields Cj originate from the gauge 
fields Am on the 10-dimensional observable wall (and M is an index in 
the compactified six dimensions). The Kahler potential takes its stan- 
dard form 

K = - log(5 + 5*) - 3 log(r + r* - 2C*Ci) . (63) 

The imaginary part of S (ImS) corresponds to the model independent 
axion, and with the above normalization the gauge kinetic function is 
f = S. We have also 

W{C) = dijkCiCjCk (64) 

Thus the action to leading order is very similar to the weakly coupled 

case. 

Before drawing any conclusion from the formulae obtained above we 
have to discuss a possible obstruction at the next to leading order. For 
the 3-index tensor field H in d = 10 supergravity to be well defined 
one has to satisfy dH = tiFi + trF^ — tiR^ = cohomologically. In 
the simplest case of the standard embedding one assumes trFf = trB? 
locally and the gauge group is broken to EqX Eg. Since in the M-theory 
case the two different gauge groups live on the two different boundaries 
(walls) of space-time such a cancellation point by point is no longer 
possible [115]. We expect nontrivial vacuum expectation values (vevs) 
of 

(dG) cx ^ 6{x'' - x}') (tvFl - itrit:^) (65) 

at least on one boundary {xj^ is the position of i-th. boundary). In the 
case of the standard embedding we would have trFf — ^trii!^ = ^tiR^ on 
one and trF^ ^ ^^I'i?^ = — ^tri?^ on the other boundary. This might pose 
a severe problem since a nontrivial vev of G might be in conflict with 
supersymmetry (Gii^BC' = Habc)- The supersymmetry transformation 
law in d = 11 reads 

6^M = DmV + ^GijKL (ri^^^ - 8,5i^r^^^) r? + . . . (66) 

Supersymmetry will be broken unless e.g. the derivative term DmI] com- 
pensates the nontrivial vev of G. Witten has shown [115] that such a 
cancellation can occur and constructed the solution in the linearized 
approximation (linear in the expansion parameter k^/^). This solution 
requires some modification of the metric on M^^: 



(1 + b)r]^v 

{9ij + hij) 

(1 + 7') 



9mn={ {9^3+h^J) |. (67) 
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M^^ is no longer a direct product x x S^/Z2 because b, hij and 7' 
depend now on the compactified coordinates. The volume of depends 
on x^^ [115]: 

= <^^V9^^''^^''Gabcd (68) 



dx 

where the integral is over the Calabi-Yau manifold X^ and u is the 
corresponding Kahler form. The parameter (1 + b) is the scale factor of 
the Minkowski 4-manifold and depends on x^^ in the following way 

where U4 is the physical volume for some fixed coordinate volume in 
Ml In our simple reduction and truncation method with the metric 
9m^n given by eq. (52) we can reproduce the x^^ dependence of V and 
V4. The volume of X^ is determined by a: 

while the scale factor of can be similarly expressed in terms of a and 
7 fields: 

sin log"4 = -gltr (2 (T) + 4 (.)) = -^(2j + 4.) . (71) 

Substituting (a) with a in the above two equations is allowed because, 
due to our decomposition (55), only the vev of a depends on the internal 
coordinates (the same is true for 7) . The scale factor b calculated in ref . 
[115] depends also on the Calabi-Yau coordinates. Such a dependence 
can not be reproduced in our simple reduction and truncation compacti- 
fication so we have to average eq. (69) over X^. Using equations (68-71) 
after such an averaging we obtain (to leading order in the expansion 
parameter k^/^) [101] 

97 _V2 jd^x^Lo''''u;^''GABCD ^^2) 



9a;ii 24 ! d^x^ 

Substituting the vacuum expectation value of G found in [115] we can 
rewrite it in the form 

^ = -^ = laK"^V-^l^ (73) 
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where 

TTC 

and c is a constant of order unity given for the standard embedding of 
the spin connection by 



uj A tr(i? A R) 



87r2 



(75) 



Our calculations, as those of Witten, are valid only in the leading non- 
trivial order in the k^/"^ expansion. The expression (73) for the deriva- 
tives of a and 7 contain an explicit factor k^/^. This means that we 
should take the lowest order value for the Calabi-Yau volume in that 
expression. An analogous procedure has been used in obtaining all for- 
mulae presented in this paper. We always expand in k^/^ and drop all 
terms which are of higher order. Taking the above into account and 
using our units in which Mn = 1 we can rewrite eq. (73) in the simple 
form: 

5x11 Q^ll 3 V ) 



Eqs. (72-76) as derived in ref. [101] contain all the information to 
deduce the effective action, i.e. Kahler potential, superpotential and 
gauge kinetic function of the 4-dimensional effective supergravity theory. 

It is the above dependence of a and 7 on x^^ that leads to these 
consequences. One has to be careful in defining the fields in d = 4. It 
is obvious, that the 4-diniensional fields S and T can not be any longer 
defined by eqs. (61, 62) because now a and 7 are 5-dimensional fields. 
We have to integrate out the dependence on the 11th coordinate. In 
the present approximation, this procedure is quite simple: we have to 
replace a and 7 in the definitions of S and T with their averages over 
the /Z2 interval [101]. With the linear dependence of a and 7 on x^^ 
their average values coincide with the values taken at the middle of the 
^7-^2 interval 

a = a{^^=a^ + ~a{x^^), (77) 

7 = 7(y) =70 + 7(2:''). (78) 

When we reduce the boundary part of the Lagrangian of M-thcory 
to 4 dimensions we find exponents of a and 7 fields evaluated at the 
boundaries. Using eqs. (55) and (76) we get 



e T|^io = e ^° ± ^ae ' 



(79) 
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e^'^l 10 = e^'^f'iae^o. (80) 

i 

The above formulae have very important consequences for the definitions 
of the Kahler potential and the gauge kinetic functions. For example, the 
coefficient in front of the D^C*D^^Ci kinetic term is proportional to e"''' 
evaluated at the wall where the matter fields propagate. At the lowest 
order this was just e~'''° or {T)~^ up to some numerical factor. Prom 
eq. (79) we see that at the next to leading order also {S)~^ is involved 
with relative coefficient a/3. Taking such corrections into account we 
find that at this order the Kahler potential is given by 

K = -\og{S + S*) + - 3 log(r + r* - 2C*a) (81) 

with S and T now defined by 

S = J^YI^ (e^" + ^24^25 + aC*C^ , (82) 

T = -Ji^^fe'f + i6V2Cu + C*Ci) (83) 
(47r) ' ^ 

where bars denote averaging over the 11th dimension. It might be of 
some interest to note that the combination ST^ is independent of x^^ 
even before this averaging procedure took place. The solution above is 
valid only for terms at most linear in a. Keeping this in mind we could 
write the Kahler potential also in the form 

K = - log(5 + 5* - 2aC*C\) - 3 log(r + T* - 2C*Ci). (84) 

Equipped with this definition the calculation of the gauge kinetic func- 
tion(s) from eqs. (76, 80) becomes a trivial exercise [101]. In the five- 
dimensional theory / depends on the 11-dimensional coordinate as well, 
thus the gauge kinetic function takes different values at the two walls. 
The averaging procedure allows us to deduce these functions directly. 
For the simple case at hand (the so-called standard embedding) eq. (80) 
gives [101] 

f(i=S + aT; h=S-aT. (85) 

It is a special property of the standard embedding that the coefficients 
are equal and opposite. The coefficients might vary for more general 
cases. This completes the discussion of the d = 4 effective action in 
next to leading order, noting that the superpotential does not receive 
corrections at this level. 

The nontrivial dependence of a and 7 on can also enter definitions 
and/or interactions of other 4-dimensional fields. Let us next consider 
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the gravitino. After all we have to show that this field is massless to 
give the final proof that the given solution respects supersymmetry. Its 
11-dimensional kinetic term 

-^V5^,r^-^-^L>jVK (86) 

remains diagonal after compactification to d = 4 if we define the 4- 
dimensional gravitino, iplx \ and dilatino, V'li^ fields by the relations 



(87) 



v6 

The d= 11 kinetic term (86) gives after the compactification also a mass 
term for the d = 4 gravitino of the form 



8 5x11 64 Jd^x^ 4 

(89) 

The sources of such a term are nonzero values of the spin connection 
components w^^i and resulting from the x^^ dependence of the 
metric. It is a constant mass term from the 4-dimcnsional point of 
view. This, however, does not mean that the gravitino mass is nonzero. 
There is another contribution from the 11— dimensional term 

-^V^V^/r^^^^^Viv (Gjklm + Gjklm) . (90) 

After redefining fields according to (87,88) and averaging the nontrivial 
vacuum expectation value of G over we get from eq. (90) a mass 
term which exactly cancels the previous contribution (89). The grav- 
itino is massless - the result which we expect in a model with unbroken 
supersymmetry and vanishing cosmological constant. Thus, we find that 
our simple reduction and truncation method (including the correct x^^ 
dependence in next to leading order) reproduces the main features of 
the model. 

The factor (exp(3o")) represents the volume of the six-dimensional 
compact space in units of M^^. The x^^ dependence of a then leads 
to the geometrical picture that the volume of this space varies with x^^ 
and differs at the two boundaries: 



^ tr(F A F) - itr(i? A R) 



87r2 



(91) 
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where the integral is over X at the Eq boundary. In the given approxi- 
mation, this variation is hnear, and for growing p the volume on the 
side becomes smaller and smaller. At a critical value of p the volume 
will thus vanish and this will provide us with an upper limit on p: 

P < Peru = -^Mf^yli (92) 

where c was defined in eq. (75). The critical value is model dependent 
and we shall not discuss this in detail here. 

Let us now compare the M-theory picture with that of the weakly 
coupled heterotic string. Inspection of (45) and (85) reveals a close 
connection between the two [7, 104]. The variation of the Calabi-Yau 
manifold volume as discussed above is the analogue of the one loop 
correction of the gauge kinetic function (45) in the weakly coupled case 
and has the same origin, namely a Green-Schwarz anomaly cancellation 
counterterm. In fact, also in the strongly coupled case this leads to a 
correction for the gauge coupling constants at the E^ and E^ side. As 
seen, gauge couplings are no longer given by the (averaged) 5-field, but 
by that combination of the (averaged) S and T fields which corresponds 
to the <S-field before averaging at the given boundary leading to 

/6,8 = S±ar (93) 

at the Eq (Es) side respectively. The critical value of Rn will correspond 
to infinitely strong coupling at the Eg side S — aT = 0. Since we are here 
close to criticality a correct phenomenological fit of acUT = 1/25 should 
include this correction ctQu-p = 5 + aT where S and aT give compara- 
ble contributions. This is a difference to the weakly coupled case, where 
in f = S + eT the latter contribution was small compared to S. The 
stability of this result for the corrections to / when going from weak 
coupling to strong coupling is only possible because of the rather special 
properties of /. / does not receive further perturbative corrections be- 
yond one loop [107, 95], and the one loop corrections are determined by 
the anomaly considerations. The formal expressions for the corrections 
are identical, the difference being only that in the strongly coupled case 
these corrections are to be interpreted of comparable importance as the 
classical value. 

8. Supersymmetry breaking at the hidden wall 

For the discussion of supersymmetry breakdown we should carefully 
examine the supersymmetry transformation of fermionic fields. Of par- 
ticular importance are the fields that originate from the higher dimen- 
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sional gravitino. For the d= 11 action, the supersymmetry transforma- 
tion laws for these fields are given by 

Si'A = DAr,+ ^G,jKL{r'J'-''--SSiT-""-),,- (94) 
as well as 

1 / K \ 2/3 

+ 1152^(4^) *(-")(rr.Bcx°)r-='^, + ... (95) 

where gaugino bilinears appear in the right liand side of both expressions. 
Again we consider gaugino condensation at the hidden Eg boundary 

(rr^.-fcx") = giA'eijk- (96) 

The Eg gauge coupling constant appears in this equation because the 
straightforward reduction and truncation leaves a non-canonical nor- 
malization for the gaugino kinetic term. An important property of the 
weakly coupled case (d=10 Lagrangian) was the fact that the gaugino 
condensate and the three-index tensor field H contributed to the scalar 
potential in a full square. Hofava made the important observation that 
a similar structure appears in the M-theory Lagrangian as well [52] : 

(97) 

with the obvious relation between H and G. Let us now have a closer 
look at the form of G. At the next to leading order we have 

GiiABC = (diiCABC + permutations) 

Observe, that in the bulk we have G = dC with the Chern-Simons 
contributions confined to the boundaries. Formula (97) suggests a can- 
cellation between the gaugino condensate and the G-field in a way very 
similar to the weakly coupled case, but the nature of the cancellation of 
the terms becomes much more transparent now. Remember that in the 
former case we had argued that because of the quantization condition 
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for < dB > the gaugino condensate is cancelled not by < dB > but 
by a flux of the Chern-Simons terms. Here this becomes obvious. The 
condensate is located at the wall as are the Chern-Simons terms, so this 
cancellation has to happen locally at the wall and dC should vanish for 
G not to have a vev in the bulk. In any case there is a quantization 
condition for dC as well [116]. 

So this cancellation is very similar to the one in the weakly coupled 
case. At the minimum of the potential we obtain Gabcd = everywhere 
and 

Gabcu = ^ (^) S{x'')rrABCX'' (99) 
at the hidden wall. Eqs. (94) and (95) then become 

6iJA = Dav + -.. (100) 

s^u = z?iir? + ^(^y''%(xii)(x"rABcx'^)r^^S--(ioi) 

An inspection of the potential shows that Stpu is nonvanishing and su- 

persymmctry is spontaneously broken. Because of the cancellation in 
eq. (97), the cosmological constant vanishes to leading order. Recalling 
supersymmetry transformation law for the elfbein 

SeT = ^fyr-V'/, (102) 

one finds that the superpartner of the T field plays the role of the gold- 
stino. Again we have a situation where Fs = (due to the cancellation 
in (97)) with nonvanishing F-r- But here we find the novel and interest- 
ing situation that Fq- differs from zero only at the hidden wall, although 
the field itself is a bulk field. 

At that wall our discussion is completely 4-dimensional although we 
are still dealing effectively with a d = 5 theory. To reach the effective 
theory in d = 4 we have to integrate out the dependence of the x^^ 
coordinate. As in the previous section this can be performed by the 
averaging procedure explained there. With the gaugino condensation 
scale A sufficiently small compared to the compactification scale Mqut, 
the low-energy effective theory is well described by four dimensional = 
1 supergravity in which supersymmetry is spontaneously broken. In this 
case, the modes which remain at low energies will be well approximated 
by constant modes along the x^^ direction. This observation justifies our 
averaging procedure to obtain four dimensional quantities. Averaging 
5^11 over x^^, we thus obtain the vev of the auxiliary field Fr 
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Note that this procedure allows for a nonlocal cancellation of the vev of 
the auxiliary field in d = 4. A condensate with equal size and opposite 
sign at the observable wall could cancel the effect and restore super- 
symmetry. Using / dx^^ ,ygunS{x^^) = 1, the auxiliary field is found to 
be 

Fr = T - ^"^^^ (104) 

Similarly one can easily show that Fs as well as the vacuum energy 
vanish. This allows us then to unambiguously determine the gravitino 
mass, which is related to the auxiliary field in the following way: 

_ Fr _ 1 g|A^ _ TT A3 

-3/2 - - 64.(4^)2/3 R^^Ml - 2M^, ^'''^ 

As a nontrivial check one may calculate the gravitino mass in a different 
way. A term in the Lagrangian 

^/2 



192k^ 



J dx"V5V5,r^-^™^VivGj™, (106) 

becomes the gravitino mass term when compactified to four dimensions. 
Using the vevs of the Gijku given by eq. (99), one can obtain the same 
result as cq. (105). This is a consistency check of our approach and the 
fact that the vacuum energy vanishes in the given approximation. 

It follows from eq. (105), that the gravitino mass tends to zero when 
the radius of the eleventh dimension goes to infinity. When the four- 
dimensional Planck scale is fixed to be the measured value, however, the 
gravitino mass in the strongly coupled case is expressed in a standard 
manner, similar to the weakly coupled case. To obtain the gravitino mass 
of the order of 1 TeV, one has to adjust A to be of the order of 10^^ GeV 
when one constructs a realistic model by appropriately breaking the Eg 
gauge group at the hidden wall. 

In the minimization of the potential we have implicitly used the lead- 
ing order approximation. As was explained in a previous section, the 
next to leading order correction gives the non-trivial dependence of the 
background metric on x^^. Then the Einstein-Hilbert action in eleven 
dimensions gives additional contribution to the scalar potential in the 
four-dimensional effective theory, which shifts the vevs of the Gjjkl- As 
a consequence, Fs will no longer vanish. Though this may be significant 
when we discuss soft masses, it does not drastically change our estimate 
of the gravitino mass (105) and our main conclusion drawn here is still 
valid after the higher order corrections are taken into account. In any 
case, these questions have to be addressed if one aims at realistic models 
for particle physics. 
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9. Summary and outlook 

In these lectures we have discussed the mechanism of gaugino conden- 
sation and flux stabilization within the heterotic scenario in its simplest 
version. The picture could be easily generalized to type II orientifolds or 
other types of string constructions, leading to the notion of supersym- 
metry breakdown on a hidden brane. 

There is, however, still a long way to go towards realistic model build- 
ing. One of the obstacles is the question of moduli stabilization in string 
theory. Without a solution to this problem we shall usually obtain so- 
called runaway vacua where e.g. coupling constants run to unrealistic 
values. Another obstacle is the appearance of instabilities of the scalar 
potential once we include radiative corrections. We have discussed some 
aspects of this in section 6 when we included radiative (threshold) cor- 
rections to the gauge coupling constants (45). If we would consider 
f = S ± eT and reinsert this into the F— terms in (32) we would obtain 
new contributions to the scalar potential leading to minima with a neg- 
ative vacuum energy. This, of course, is nothing else than the problem 
of the cosmological constant. 

Recently there has been some revived interest in this discussion. One 
aspect concerns the consideration of compactification of the extra di- 
mension on non-Kahler manifolds. Moduli are stabilized with the help 
of fluxes of various antisymmetric tensor fields. For more details and 
references see [9, 15, 22, 44, 63]. This allows the stabilization of many 
moduli already in the supersymmetric framework in a rather general 
context and avoids cosmological moduli problems. 

Within the heterotic M-theory context there have been attempts to go 
beyond the classical level [23]. In ref. [13] one finds a rather comprehen- 
sive discussion of moduli stabilization and supersymmetry breakdown in 
a general set-up of heterotic M-theory including 5-brancs in the bulk. 
Moduli can be stabilized, but a large negative vacuum energy remains. 
Similar results in the heterotic string theory have been reported in [51]. 
These results are, of course, also of interest in the discussion of cosmo- 
logical aspects of string theory [62]. So the mechanism of supersymme- 
try breakdown through gaugino condensation still remains one the most 
promising subjects in the discussion of realistic string model building. 
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